Background: Leptospirosis is an emerging infectious disease. The differential diagnosis of leptospirosis is difficult due to the varied and often "flu like" symptoms which may result in a missed or delayed diagnosis. There are over 230 known serovars in the genus Leptospira. Confirmatory serological diagnosis of leptospirosis is usually made using the microscopic agglutination test (MAT) which relies on the use of live cultures as the source of antigen, often performed using a panel of antigens representative of local serovars. Other techniques, such as the enzyme linked immunosorbent assay (ELISA) and slide agglutination test (SAT), can detect different classes of antibody but may be subject to false positive reactions and require confirmation of these results by the MAT.
Background
Leptospirosis is an emerging infectious disease [1] . Leptospira spp. are endemic to feral and domestic animals that may serve as reservoirs, with rats and rodents recognised as the most important sources [2, 3] . Human infections result from contact with contaminated soil, vegetation or water, or with the body fluids of infected animals. The genus Leptospira comprises both pathogenic and non-patho- [1] . There is some controversy about the classification or pathogenicity of some members within species such as L. meyeri and L. inadai [2, 4, 5] .
The differential diagnosis of leptospirosis is difficult due to the varied and often "flu like" symptoms which may result in a missed or delayed diagnosis [6] . For example, patients presenting with severe fever and haemorrhage have symptoms which are difficult to distinguish from viral haemorrhagic fever [7] .
There are over 230 known serovars in the genus Leptospira [2] . Confirmatory serological diagnosis of leptospirosis is usually made using the microscopic agglutination test (MAT) which is able to detect specific antibody produced against the infecting leptospiral organism [2] . The MAT relies on the use of live cultures as the source of antigen, often performed using a panel of antigens representative of local serovars. A specific antibody response detectable by the MAT generally occurs at around 8-10 days after onset of the illness [6] . The MAT is generally performed by reference laboratories due to the inherent safety risks of handling cultures of live leptospiral organisms, the high cost of commercial media, and the need for ongoing maintenance of representative serovars or serogroups. Other techniques, such as the enzyme linked immunosorbent assay (ELISA) and slide agglutination test (SAT), can detect different classes of antibody but may be subject to false positive reactions and require confirmation of these results by the MAT [2] .
Isolation of leptospires from human specimens is possible for limited periods in the course of the infection. This may be due to limited survival of the organism in the collected primary tissue or body fluid sample, immune system responses, or exposure to administered antibiotics [6] . Culture may take up to eight weeks and must be examined weekly. In the acute phase, which lasts up to about 10 days, leptospires may be cultured from the blood or cerebrospinal fluid (CSF), [2] .
The polymerase chain reaction (PCR) has been used to detect a large number of microorganisms, including those of clinical significance [8] [9] [10] [11] [12] . The sensitivity of PCR often precludes the need for isolation and culture, thus making it ideal for the rapid detection of organisms involved in acute infections. Moreover, using real-time PCR, it is possible to quantify the amount of template and therefore the number of target organisms. Such quantitation can be achieved using a number of approaches, for example employing TaqMan chemistry [13] .
Attempts have been made to design PCR primers specifically for Leptospira spp. as reviewed by Levett [1] . It has been difficult to identify all pathogenic species and, in some instances, to discriminate between non-pathogenic and pathogenic species. Although Woo et al., [14, 15] have employed TaqMan fluorogenic probes on leptospires, this non-clinically directed research concentrated on the use of TaqMan probes for the differentiation and identification of Leptospira species using pure isolates obtained from a reference culture collection.
In this paper, we report on the development of real-time detection of Leptospira spp. using a TaqMan fluorogenic probe. The assay is sensitive and appears able to differentiate between pathogenic and non-pathogenic species with highly sensitive limits of detection on clinical samples and without the need for prior isolation and culture.
Materials and Methods
We have received appropriate ethics approval for this work and have complied with the Helsinki declaration.
DNA preparation
Genomic DNA from non-leptospiral bacterial strains (Table 1) was extracted as described in [16] . Total DNA from human serum (200 µl) and urine (200 µl) was prepared using QIAamp DNA Mini Kits (QIAGEN, Australia) according to the manufacturer's instructions.
Collection and testing of human sera
Single serum samples were from 66 patients with clinically suspected leptospirosis or from "at risk" occupations or activities, for example persons in industries associated with animal contact and agricultural workers [17] . These sera were tested by combinations of polymerase chain reaction (PCR), microscopic agglutination test (MAT) and a commercially available anti-IgM ELISA (Pan Bio Pty Ltd, Brisbane, Australia). Blood culture was conducted using 2-5 drops of whole blood placed into Ellinghausen McCullough Johnson Harris medium (EMJH) solidified with 1.5% agarose and incubated at 37°C for up to seven weeks.
Patient serum samples tested by MAT had a starting dilution of 1:50 and a diagnostic result (indicative of current infection) declared where there was a fourfold change of titre between acute and convalescent sera or a titre of 400 or greater was found with a single specimen. A positive ELISA was confirmed by the MAT [2] .
All serum samples were subjected to PCR. Fifty-two of the serum samples were subjected to ELISA and 40 of the patients had blood culture requested by a clinician. Fortynine of the samples were subjected to MAT where there was sufficient serum and/or a positive ELISA result.
Bacterial strains
Bacterial strains used in this study other than members of the genus Leptospira, are shown in Table 1 . Leptospira strains were from the WHO/FAO/OIE Collaborating Centre collection and are given in Table 2 . Representatives of available non-pathogenic and pathogenic Leptospira species as defined by Yasuda et al. [18] were included in the study. The most commonly reported representative nonpathogenic, free living strain, L. biflexa serovar patoc strain Patoc 1, was included [2, 19, 1] . All cultures were grown in EMJH broth (Difco Laboratories, Detroit, Michigan) and maintained by weekly subculture into fresh medium. Cultures used were grown up to seven days at 30°C to stationary phase to a density of approximately 2 × 10 8 cells per ml.
Design of TaqMan probes and PCR primers
The primers and probes were designed from alignments of available Leptospira spp. 16S rDNA partial sequences obtained from the GenBank nucleotide sequence database (data not shown). The program used was Primer Express™ (Perkin-Elmer, Applied Biosystems, USA). The ability of the primers and probe to identify leptospiral sequences was initially assessed using the BLAST program [20] against the National Center for Biotechnology Information (NCBI) sequence database. The primers were synthesized by Geneworks Pty. Ltd., Australia and the probe by Pacific Oligos Pty Ltd, Australia.
The PCR primers Lepto F (5' 171 CCCGCGTCCGATTAG 3') and Lepto R (5' 258 TCCATTGTGGCCGR A/G ACAC3') were located between the positions 171 and 258 of the rrs (16S) gene with an expected product size of 87 bp product.
The probe [5' 205 (FAM) CTCACCAAGGCGACGATCGGTAGC 228 3' (TAMRA)] had the fluorescent reporter dye, 6-carboxy-fluorescein (FAM) located at the 5' end of the probe and the quencher 6-carboxy-tetramethyl-rhodamine (TAMRA) located at the 3' end.
PCR conditions
For all PCRs, 5 µl of DNA was added to the 45 µl TaqMan Universal PCR Mastermix Mix (Applied Biosystems, Foster City, CA) part number 4304437, providing final concentrations of 3 pmol/µl of each primer and 2 pmol/µl of the FAM-TAMRA labelled probe. A no template control (NTC) that contained all the above reagents was also included to detect the presence of contaminating DNA. Amplification and fluorescence detection was conducted in an ABI Prism 7700 sequence detector (Perkin -Elmer, Applied Biosystems, USA) with a program of 40 cycles, each cycle consisting of 95°C for 15 seconds and 60°C for one minute. A negative result was assigned where no amplification occurred, i.e. the threshold cycle (Ct) value was greater than 40 cycles.
DNA template at dilutions of 1:100, 1:1000, 1:2000, 1:4000 and 1:8000 for non-leptospiral cells and leptospiral culture dilutions from 10 8 to 10 0 were prepared using pH 7.4 phosphate buffered saline solution [21] . The number of cells in culture was determined using a Petroff Hauser bacterial counting chamber [2] and adjusted to an initial concentration of 10 8 cells per ml. For DNA extraction of non-leptospiral cells, a single colony was picked (except in the case of Borrelia burdorferi where a 200 µl aliquot of heat-killed whole antigen was used) then mixed in 500 µl of sterile distilled water. Analyses of non-leptospiral samples were run in triplicate and leptospiral cells in duplicate.
Detection of PCR inhibitors
Blood (negative by MAT for leptospirosis antibodies) was collected from a single source using each of the collection tube systems listed in Table 3 . Serum or plasma was then prepared from these blood samples and 200 µl of each of these samples was then extracted using a QIAamp Mini Kit 
Results

Specificity and sensitivity of the PCR assay
To assess the specificity of the primers and probe, 29 leptospiral strains (Table 2 ) and 22 other bacterial pathogens (Table 1) were subjected to PCR. A detectable product was observed for all the 23 pathogenic leptospiral strains. Other bacterial strains and non-pathogenic leptospiral strains did not yield amplification products.
The sensitivity of the assay was evaluated using DNA extracted from 10 8 -10 0 tenfold dilutions of two Leptospira reference cultures L. borgpeterseni serovar hardjo and L. interrogans serovar pomona. A minimum detection limit of approximately two cells was established in the PCR reaction mixture. 
Detection of leptospiral DNA in human clinical specimens
To assess the ability of the PCR to detect the presence of leptospiral cells in human serum, 66 patients were tested who had clinical symptoms consistent with leptospirosis and/or were from "at risk" occupations or activities. Isolation of leptospires, MAT and ELISA were not attempted on all patients (see Materials and Methods for details).
For the 49 patients tested by MAT, 17 were positive with titres ranging from 50 to 3200. Of the 17 samples which tested positive, three were equivocal using ELISA and all 17 did not produce a product using PCR. Of the twenty seven patients found negative using ELISA, and the 36 negative by culture, all were determined negative by PCR.
Four serum samples which tested negative using MAT did produce a PCR product. Furthermore, these samples yielded a positive result by culture. Three of these samples later showed diagnostic rises by MAT (Table 4) . Unfortunately no serum for the fourth patient was available for MAT but the isolate was preliminarily identified by MAT as equivalent to L. interrogans serovar zanoni (Table 4) .
Detection of Leptospira spp. in urine
To assess the ability of the PCR to detect the presence of leptospiral cells in urine, serial tenfold dilutions of cells of L. interrogans serovar icterohaemorrhagiae (with numbers confirmed using a Petroff-Hauser counting chamber) were mixed with urine from a leptospirosis-negative source and tested in duplicate by PCR. The estimated limit of detection was 10 cells. The results suggest an ability of the PCR to detect leptospires in clinical urine samples but this needs to be further evaluated.
Blood collection system inhibition
We tested representatives of a number of standard clinical blood collection systems which contained chemical components which may interfere with PCR. Only those collection systems (Table 3) 
Discussion
This report describes the development of a real-time PCR assay employing a TaqMan probe for the detection and quantitation of organisms belonging to the genus Leptospira. The assay detected pathogenic Leptospira species, but seemed not to detect non-pathogenic strains (see Table 2 ), nor a number of commonly-occurring non-leptospiral pathogens (see Table 1 ), including the spirochete Borrelia burdorferi. There is some contention about whether L. meyeri and L. inadai are pathogenic [2, 4] . We observed an amplification product for L. meyeri serovar perameles strain bandicoot 343, a strain considered by at least one group to be pathogenic [4] . The amplification product obtained for our strain Feral, an inadai species like organism [5] but not L. inadai serovar lyme strain 10, a non-pathogen, suggests the PCR detects some members within this species but further evaluation of strain Feral will need to be undertaken.
The ability of the PCR to distinguish between pathogenic and non-pathogenic Leptospira species may be useful for the testing of environmental samples but this will require further evaluation. The non-pathogenic representative of L. biflexa used in this study is the most commonly-described environmental contaminant and frequently confuses the identification of pathogenic strains from environmental samples. Culture under specialized conditions facilitates discrimination between L. biflexa and other pathogenic species, it is however possible the PCR could provide an alternate or supporting role for identification.
This PCR assay provides the potential to detect pathogenic Leptospira spp. in a range of clinical specimens providing for earlier diagnosis and unequivocal evidence of active infection. As reported for the detection of meningococcal cells [22] , the PCR assay developed in this work will provide an enhanced capability for confirmation of cases where early antibiotic treatment has precluded detection by culture. Opportunity also exists for better postmortem testing where samples are generally of poor quality and do not lend themselves to culturing or serology.
The limit of detection of leptospires in urine was approximately 10 cells and for serum approximately 2 cells. The reason for the lower sensitivity in urine samples is not clear, however, two possible reasons are that a component in the urine sample was extracted with the DNA and interfered with the PCR [2] , or that extraction of DNA from Previously the diagnosis of leptospirosis has relied heavily on the detection of antibodies using either ELISA or MAT. In many cases, particularly in the early phase of infection, the lack of antibodies in patient sera results in an inability to confirm diagnosis. Patients presenting with clinical symptoms suggestive of leptospirosis will have an opportunity for early detection on a single specimen and the process has the potential to greatly enhance patient management through the timely commencement of medical treatment.
Because real-time PCR enables the quantitative monitoring of leptospiral cells, there exists the opportunity to monitor treatment efficacy, in particular the use of chemotherapeutics. For example, patients in intensive care management, where ineffective treatment is life-threatening, would greatly benefit from direct measurements of infectious organisms.
The PCR assay developed in this study can be completed in around 5 hours. This assay also lends itself to largescale analysis due to the availability of high-throughput sequence detection systems.
The tube collection systems evaluation demonstrated that lithium heparin may inhibit the PCR. The observed increase in Ct value for the lithium heparin tubes suggests that relevant controls need to be included.
The assay will have application in the human and veterinary fields as both a research tool and supporting diagnostic test.
Conclusions
We have developed a real-time PCR assay for the detection of leptospires in clinical and environmental samples. This method appears to discriminate pathogenic from nonpathogenic strains and can detect as few as 2 cells in serum and 10 cells in urine. The PCR method has a clear advantage over other methods such as the microscopic agglutination test (MAT) which relies on the detection of antibodies, the presence of which cannot be detected until days after infection. 
